Uveitis, defined as inflammation of the uveal tract of the eye, is a leading cause of blindness and visual impairment throughout the world. The etiology of uveitis is complex, and autoimmunity plays a major role in its pathogenesis. Intermediate uveitis (IU), a subtype of ocular inflammation, has been associated with systemic autoimmune disorders, specifically with multiple sclerosis (MS). This article reports a rare three-generation family with several members affected by IU (four siblings) and comorbid MS (two siblings fulfilling MS diagnostic criteria and a third sibling presenting some neurological symptoms). Based on the clinical findings, we captured and sequenced whole exomes of seven pedigree members (affected and unaffected). Using a recessive model of transmission with full penetrance, we applied genetic linkage analysis to define minimal critical regions (MCRs) in suggestive or nominal regions of linkage. In these MCRs, we defined functional (some pathogenic), novel, and rare mutations that segregated as homozygous in affected and heterozygous in unaffected family members. The genes harboring these mutations, including DGKI, TNFRSF10A, GNGT1, CPAMD8, and BAFF, which are expressed in both eye and brain tissues and/or are related to autoimmune diseases, provide new avenues to evaluate the inherited causes of these devastating autoimmune conditions.
Introduction
Uveitis is inflammation of the eye's uveal tract, which includes the iris, ciliary body, and choroid [1] . The annual incidence of uveitis varies between 17.4 and 52.4 new cases per 100,000, and the prevalence is between 38 and 714 per 100,000. This disease causes 2.8-10% of all cases of blindness and visual impairment worldwide, and severity depends on factors such as chronicity and whether or not adjacent tissues, such as the retina, optic nerve, and vitreous, are affected [2] [3] [4] [5] .
The Uveitis Nomenclature Standardization (SUN) Working Group and the International Uveitis Study Group (IUSG) classify uveitis according to the anatomical location of the inflammatory process, i.e., anterior uveitis (iritis, iridocyclitis, and anterior cyclitis), intermediate uveitis (pars planitis, posterior cyclitis, and hyalitis), posterior uveitis (focal, multifocal, or diffuse choroiditis, chorioretinitis, retinitis, and neuroretinitis), and panuveitis (anterior chamber, vitreous, retina, and choroid) [6] [7] [8] [9] .
The etiology of uveitis is complex and involves confined autoimmune processes [10] , systemic autoimmune diseases (e.g., multiple sclerosis, Behçet's disease), infectious diseases (e.g., Toxoplasma gondii, Mycobacterium tuberculosis, Herpes virus, and Treponema pallidum), and inherited genetic susceptibility [11] [12] [13] . Previous studies reported association of the susceptibility to develop uveitis with polymorphisms in the human lymphocyte antigen (HLA) class II genes, interleukins 10 and 6 (IL10 and IL6, respectively), tumoral necrosis factor (TNF), transforming growth factor beta 1 and 2 (TGFB1 and TGFB2, respectively), transforming growth factor beta receptor 3 (TGFBR3), interferon gamma (INFG), interleukin 2 receptor subunit alpha (IL2RA), and cytotoxic T lymphocyte protein 4 (CTLA4), among others [11] .
In this article, specific focus is brought to intermediate uveitis (IU) which is the most frequent type of uveitis associated with MS (61-80%) [14] [15] [16] . One explanation attributes this association to the ontogenetic relationship between nervous and ocular tissues. An example of this is the MS demyelination process, which affects both the central nervous system and neuroophthalmic tracts [16] producing histopathological and clinical findings common to IU and MS. These include T cells, especially T helper lymphocytes (Th), which infiltrate areas surrounding retinal vessels creating pathognomonic histopathological changes known as Bsnow banking^or Bstrings of pearls^ [17] . Interestingly, patients with MS have autoreactive T cells and antibodies directed against glial proteins that are also detected in snow banking formations. Some authors explain this by the presence of autoreactive T cells directed toward a common glial epitope present in MS and/or IU patients [18] .
Given that IU and MS are rare disorders, it is unusual to find patients suffering from both conditions and even less common to find several siblings affected by both conditions. In this manuscript, we report a pedigree with four siblings affected by IU of which two present sufficient symptoms for the diagnosis of MS (as stated by the revised 2017 McDonald criteria for the diagnosis of MS) and one presents neurological symptoms that do not fulfill the McDonald criteria. We hypothesize that rare/novel genetic variants of major effect shape shared genetic susceptibility to both IU and MS. To test this hypothesis, we applied whole exome capture and sequencing and used the resulting genomic variation to determine genetic linkage of potential novel and rare pathogenic causal mutations with the phenotype.
Methods

Patients
We studied three generations of a family composed of eight individuals. Four members of the family were affected by IU (EMU003, EMU004, EMU005, and EMU002) of which two also fulfilled diagnostic criteria of MS (EMU005 and EMU002), and a third had neurological symptoms suggesting MS comorbidity (EMU004) (Fig. 1) . Briefly, the family is composed of unaffected parents, four siblings, two women and two men, the husband of one of the women, and a granddaughter. IU in all siblings began in childhood (6 to 12 years old) with episodes of ocular inflammation. A more aggressive development of the disease, with a higher incidence of complications, including retinal detachment, was observed in women (Fig. 2) . Consequently, more intensive therapies were applied to females (higher doses of steroids and immunosuppressive drugs, such as methotrexate) ( Table 1) . Three of the siblings developed neurologic symptoms, including paresthesia and muscular weakness ( Table 2 ). Magnetic resonance imaging of the brain and cervical spine showed the presence of periventricular-demyelinating plaques in affected women (Figs. 3, 4 , and 5). Similar to the ocular disease, the neurological symptoms were more aggressive in women than in men (multiple hospitalizations and treatment with interferon were necessary for women). Females EMU005 and EMU002 fulfilled the revised 2017 McDonald criteria for the diagnosis of MS (Table 2) .
Whole Exome Capture, Sequencing, and Bioinformatic Analysis Three methods were used to quantify and qualify DNA: (1) DNA purity was checked using a NanoDrop spectrophotometer (Thermo Scientific, Waltham, MA, USA) (OD 260/280 ratio); (2) DNA degradation and contamination were monitored on 1% agarose gels; (3) DNA concentration was measured using a Qubit fluorometer (Thermo Scientific, Waltham, MA, USA).
DNA samples with OD 260/280 ratios between 1.8 and 2.0 and concentration above 1.0 μg were used to prepare sequencing libraries. Library preparation for sequencing: Liquid-phase hybridization using Agilent SureSelect Human All ExonV5/V6 (Agilent Technologies, Santa Clara, CA, USA) was applied according to the manufacturer's instructions to efficiently enrich whole exons, which were sequenced on an Illumina platform. Next-generation sequencing: Genomic DNA was randomly fragmented to 180-280 bp with Covaris cracker (Covaris, Woburn, MA, USA), and then, DNA fragments were end polished, A-tailed, and ligated with the full-length adapter for Illumina sequencing. Fragments with specific indexes were hybridized with more than 543,872 biotin-labeled probes after pooling; then, magnetic beads with streptomycin were used to capture 334,378 exons from 20,965 genes. After PCR amplification and quality control, libraries were sequenced. Bioinformatic analysis: All sequenced data were quality assessed (base quality distribution, nucleotide distribution, and presence of adapters, chimeras, and other contaminants) to identify and remove low-quality data and samples from further analysis. All high-quality data was then mapped to the human genome assembly using the bwa-mem algorithm [19] . Aligned files were processed using Genome Analysis Tool Kit (GATK) [20] for base quality recalibration, insertion-deletion (indel) realignments, and duplicate removal. This was followed by single nucleotide polymorphism (SNP) and indel discovery and genotyping (plus phasing where applicable) according to GATK Best Practices recommendations [21, 22] . All variant calls were subject to variant quality score recalibration and filtering to remove low-quality variants. Remaining highquality variants were annotated for predicted functional consequences using the Voting Report Index, which includes SIFT, PolyPhen2 HVAR, Mutation Taster, Mutation Assessor, FATHMM, and FATHMM MKL Coding. For a conservative filter, variants were kept that had none, one, or maybe two tolerated predictions. A more conservative filter would keep variants based on three, four, or five damaging BCVA best corrected visual acuity, OD right eye, OS left eye, NLP no light perception Linkage Analysis Linkage analysis to determine cosegregation of genomic regions with phenotype was performed using Superlink (http://cbl-hap.cs.technion.ac.il/superlink-snp/ main.php). Loci of interest were suggested by single-marker and multipoint linkage using parametric and non-parametric analyses with polymorphic SNPs genotyped by whole exome sequencing. Markers were combined in subsets of two, three, and four, with the trait locus moving across the marker map. Marker positions were adapted from the position of the SNP according to HGM37. The trait allele frequency was set at 0. 01. Averaging in 50:50 proportions set the marker allele frequencies. As recommended by other authors, the use of a 50: 50 mixture is a good and cautious choice that avoids inflating LOD scores for alleles that are rare in controls [23] . As inheritance and penetrance models, we used the segregation analysis implemented in Superlink. LOD scores were maximized for alleles with higher likelihood. 
Results and Discussion
Linkage and Exome Analyses The maximized model for affected status segregation was that of recessive transmission with almost complete penetrance. Suggestive regions of linkage were defined by parametric and non-parametric LOD scores following standard criteria [24] on chromosomes: 1, 2, 6, 7, 9, 10, 11, 13, 14, and 15 (Table 3) . Using the criterion of 1-LOD score, we defined the minimal critical regions (MCRs) containing the causal variants underpinning the linkage peak (Table 3) . Using BioMart, an interface to retrieve data from Ensembl, we defined a total of 888 genes within MCRs (Table 3) . We then performed a search for damaging variants from the 857,854 genomic variants that were identified in the seven individuals subjected to whole exome capture and sequencing. Among these, we retrieved novel and rare variants predicted to trigger functional consequences. We then determined whether these variants were homozygous in affected individuals and heterozygous in non-affected individuals (in agreement with the recessive model of transmission). Functional homozygous variants were present in some interesting candidate genes ( Table 4 ). The first candidate gene, diacylglycerol kinase iota (DGKI), is a member of the type IV diacylglycerol kinase subfamily. Diacylglycerol kinases regulate the intracellular concentration of diacylglycerol through its phosphorylation, producing phosphatidic acid [25] . Evaluation of a Drosophila homolog of DGK2, rdgA, showed retinal degeneration in homozygous rdgA fruit flies [26] . Hozumi et al. showed that DGK1 in rat localizes to the outer plexiform layer, within which photoreceptor cells make contact with bipolar and horizontal cells [27] . The relationship of DGK1 with MS was described by Reich et al. [28] . Even though the specific role of this gene is unclear, Qiu et al. revealed that phosphorylation of Dgk1 by casein kinase II may play a crucial role in the production of phosphatidic acid in Saccharomyces cerevisiae [25] .
Another candidate gene is TNF receptor superfamily member 10a (TNFRSF10A). This gene encodes a receptor for TNF family cytokines, which have a role in inflammation and immune regulation. This receptor is also known as DR4 and works as a receptor for TNF-related apoptosis-inducing ligand [29] . Variants in this gene are related to susceptibility of developing MS (rs4872077, OR of 1.34 95% CI) [29, 30] .
An additional candidate gene harboring variant was G protein subunit gamma transducin 1 (GNGT1). The protein encoded by the GNTG1 gene is specific to rod photoreceptors ( d e f e c t s i n g e n e s e n c o d i n g p r o t e i n s r e l a t e d t o phototransduction can explain retinal defects) [31] . Recently, it was shown that gntg1 is expressed in the zebrafish retina and in other vertebrate species [32, 33] .
C3 and PZP like, alpha-2-macroglobulin domain containing 8 (CPAMD8), is another gene involved in eye development and is associated with susceptibility to MS [34] . This gene encodes a member of the protease inhibitor I39 (alpha-2-macroglobulin) family of proteins. Mutations in this gene cause an autosomal recessive developmental disorder of the eye, a form of anterior segment dysgenesis that includes ectopia lentis [35] . Alsaif et al. suggested that in these patients, congenital glaucoma appears to be part of the phenotype [36] . Mutations in CPAMD8 are described in Morganian cataract, an autosomal recessive congenital cataract that forms in red Holstein Friesian cattle [37] .
Finally, another candidate gene is the TNF superfamily member 13b (TNFSF13B), also named B cell activating factor (BAFF), which is associated with primary Sjögren syndrome susceptibility because of its capacity to induce antibody production [38] . Its expression is differentially regulated after transcorneal electrical stimulation. BARK, a gene upstream of BAFF, is involved in rhodopsin metabolism [39] . BAFF has been associated with autoimmunity risk; an Italian genome-wide association showed association with MS and systemic lupus erythematosus [40, 41] . B cells have an impact on MS, and Puthenparampil et al. suggested that BAFF might be absorbed by B cells that proliferate in the central nervous system of MS patients [42, 43] . In conclusion, we have defined potential homozygous functional mutations that cosegregate in regions of either suggestive or nominal linkage with an autoimmune phenotype of IU and MS. Some of these variants are in candidate genes associated with ontogenetic processes of brain and eye differentiation. These variants, because of their pattern of expression, mostly in ocular and neurological tissues, warrant evaluation as causative alleles of these conditions in other families and in sporadic cases of IU and/or MS.
